Background: Serum caffeine concentrations >20 μg/ml (100 μmol/l) in infants treated for apnea of prematurity increases TNF-α and decreases IL-10, changes that perhaps are linked to comorbidities. We hypothesize that this proinflammatory cytokine profile may be linked to differential binding of caffeine to adenosine receptor subtypes (AR), inhibition of phosphodiesterases (PDEs), and modulation of toll-like receptors (TLR). Methods: Lipopolysaccharide-activated cord blood monocytes (CBM) from 19 infants were exposed to caffeine (0-200 μmol/l) with or without previous exposure to A 1 R, A 3 R, or PDE IV antagonists to determine changes in dose-response curves. Cytokines levels (enzyme-linked immunosorbent assay (ELISA)), intracellular cyclic adenosine monophosphate (cAMP) accumulation (enzyme immunoassay (EIA)), and TLR gene expression (real time qRT PCR) were measured. results: Caffeine at ≤100 μmol/l decreased TNF-α levels (~25%, P = 0.01) and cAMP. All caffeine concentrations decreased IL-10 levels (17-35%, P < 0.01). A 1 R, A 3 R, and PDE blockades decreased TNF-α (31, 21, and 88%, P ≤ 0.01), but not IL-10. Caffeine further decreased TNF-α following A 3 R and PDE blockades. Caffeine concentrations directly correlated to TLR4 gene expression (r = 0.84; P < 0.001). conclusion: Neither A 3 R, nor PDE blockades are involved in caffeine's modulation of cytokine release by CBM at any concentration. Besides A 1 R blockade, caffeine's upregulation of TLR4 may promote inflammation at high concentrations. a denosine binding to any of the four 7-transmembrane spanning G-protein-coupled receptors, A 1 R, A 2a R, A 2b R, and A 3 R, modulates inflammation (1,2). Caffeine, a nonspecific adenosine receptor (AR) antagonist, is used to treat apnea in premature infants and at concentration of 50 µmol/l in culture (equivalent to 10 μg/ ml in serum) increases intracellular cyclic adenosine monophosphate (cAMP) accumulation and attenuates TNF-α secretion by blocking A 1 R on Lipopolysaccharide (LPS)-activated human cord blood monocytes (CBM) (3). Although this mechanism may be operative in the decreased incidence of bronchopulmonary dysplasia (BPD) and neurodevelopmental disabilities observed in infants treated with caffeine citrate (4,5) and in animal models (6), decrease in the anti-inflammatory cytokine, IL-10, along with increase in TNF-α in tracheal aspirates and peripheral blood in preterm infants who have serum caffeine levels ≥ 20 µg/ml (equivalent to 100 µmol/l in culture) raise concerns (7). The mechanisms explaining caffeine's polar opposite effects in the inflammatory cascade are still unclear, but highly relevant in the design of new strategies to prevent morbidities related to chronic inflammation, like BPD, in premature infants (8).
a denosine binding to any of the four 7-transmembrane spanning G-protein-coupled receptors, A 1 R, A 2a R, A 2b R, and A 3 R, modulates inflammation (1, 2) . Caffeine, a nonspecific adenosine receptor (AR) antagonist, is used to treat apnea in premature infants and at concentration of 50 µmol/l in culture (equivalent to 10 μg/ ml in serum) increases intracellular cyclic adenosine monophosphate (cAMP) accumulation and attenuates TNF-α secretion by blocking A 1 R on Lipopolysaccharide (LPS)-activated human cord blood monocytes (CBM) (3) . Although this mechanism may be operative in the decreased incidence of bronchopulmonary dysplasia (BPD) and neurodevelopmental disabilities observed in infants treated with caffeine citrate (4, 5) and in animal models (6) , decrease in the anti-inflammatory cytokine, IL-10, along with increase in TNF-α in tracheal aspirates and peripheral blood in preterm infants who have serum caffeine levels ≥ 20 µg/ml (equivalent to 100 µmol/l in culture) raise concerns (7) . The mechanisms explaining caffeine's polar opposite effects in the inflammatory cascade are still unclear, but highly relevant in the design of new strategies to prevent morbidities related to chronic inflammation, like BPD, in premature infants (8) .
In general terms, ARs are either negatively (A 1 R and likely A 3 R) or positively (A 2 Rs) coupled to adenylyl cyclase, decreasing or increasing intracellular cAMP levels, respectively (1, 9) . Changes in cAMP inversely modulate the expression of transcription factors and their final products, cytokines, and chemokines, via protein kinase A (PKA)-mediated pathways (10) (11) (12) (13) . Caffeine demonstrates the highest affinity for A 1 R and the lowest affinity for A 2b R, which increases or decreases cAMP levels, respectively. At concentrations at least 40 times higher than those needed to antagonize A 1 Rs, caffeine also inhibits phosphodiesterase (PDE) activity (14) , which further increases cAMP accumulation. Additionally, activation of ARs antagonize inflammatory cascades activated by toll-like receptors (TLRs) on mononuclear cells (15, 16) as shown by the failure of TLR4 agonists to induce TNF-α release following pretreatment with A 2a R agonists (17) . Although caffeine may inhibit TLR-mediated inflammatory cascades in macrophages by suppressing calcium mobilization (18) , it may also trigger inflammation by preventing the AR-mediated antagonism of TLRs and perhaps by changing their expression (19) . Hence, we hypothesize that the proinflammatory cytokine profile observed with high serum caffeine levels (>20 μg/ml, equivalent to > 100 μmol/l in culture) in premature infant at risk for BPD (7) may be linked to differential binding of caffeine to AR subtypes, inhibition of PDEs, and modulation of other components of the inflammatory cascade, such as TLRs.
Neither caffeine alone nor LPS alone increased intracellular cAMP accumulation in CBM by 24 h. In contrast, caffeine treatment followed by LPS-activation increase cAMP accumulation by four-to sixfold (P < 0.01 vs. LPS-exposed, Figure 1a ). Consistent with these findings, TNF-α gene expression decreased by 60% following caffeine exposure at concentrations of 50 or 100 μmol/l, but at higher concentrations (200 μmol/l) did not decrease TNF-α transcription any longer. Conversely, all tested caffeine concentrations decreased IL-10 gene expression by 25 to 60% (P < 0.05 in all cases, Figure 1b,c) . LPS exposure increased TNF-α and IL-10 release by CBM (P < 0.001 vs. no LPS) and caffeine modulated those responses (P = 0.01 and P < 0.001, respectively). Caffeine at 50 and 100 μmol/l decreased TNF-α levels by 25% (IQR −67 to −5%, P = 0.01) and 24% (IQR −30 to −2%, P = 0.02); respectively, while at 200 μmol/l did not produce changes (Figure 1d) . Conversely, caffeine at 50, 100, and 200 μmol/l decreased IL-10 by 17% (IQR 34 to 8%, P = 0.006), 27% (IQR 34 to 21%, P = 0.003), and 35% (IQR 46 to 25%, P = 0.003), respectively (Figure 1e) .
The Differential Role of A1R and A3R in the Modulation of Cytokines by Caffeine
DPCPX, a specific A 1 R antagonist (10 nmol/l), decreased TNF-α secretion by 31% from baseline (IQR −60 to −6%, P = 0.01). The addition of caffeine at 50 and 100 μmol/l did not induce further TNF-α decrease. However, caffeine at 200 μmol/l still significantly decreased TNF-α in CBM when pretreated with DPCPX, unlike in those not pretreated (P = 0.001, discontinuous line) (Figure 1d) . A 1 R blockade did not modify the effect of caffeine on IL-10 at any concentration (Figure 1e) .
In LPS-activated CBM, exposure to caffeine alone (Figure 1a ) or combined with MRS1220 (A 3 R antagonist, 10 nmol/l) significantly increased intracellular cAMP levels (Figure 1f) . MRS1220 alone decreased TNF-α secretion by 21% (−45 to −13%; P = 0.008), while the addition of caffeine at 50 and 100 μmol/l produced an additional decrease of 40% (IQR −60 to −16) and 39% (IQR −62 to −15), respectively (P = 0.001 in all cases vs. MRS1220 alone) with no additional changes induced by caffeine at 200 μmol/l (Figure 1g) . In contrast, IL-10 was not significantly modulated by A 3 R blockade (Figure 1h) . While MRS1220 inhibited TNF-α gene expression by 65% (IQR −72 to −10; P = 0.02), it did not change IL-10 gene expression. In contrast, caffeine at 50 μmol/l added to MRS1220 inhibited gene expression of both, TNF-α and IL-10 (Figure 1i) .
The Effect of Caffeine in Cytokines Is Independent of PDE IV Blockade
RO-201724 (PDE IV inhibitor, 10 μmol/l) increased intracellular cAMP levels by 134% (20 to 476; P = 0.02), while the combined treatment with caffeine (50 μmol/l) increased cAMP levels by 283% (167 to 535; P = 0.02; Figure 2a) . In CBM, pretreatment with RO-201724 produced an 88% (IQR −90 to −84) decrease in the release of TNF-α (P < 0.001 vs. no pretreatment). In the presence of RO-201724, the addition of caffeine at 50, 100, and 200 μmol/l further decreased TNF-α release by CBM by 24% (IQR −49 to −8); 19% (IQR −39 to −5) and 21% (IQR −44 to −20) (P < 0.001, Figure 2b ). On the other hand, PDE IV inhibition alone did not modify IL-10 release by CBM; however, in the presence of caffeine at 100 or 200 μmol/l, IL-10 levels were 39 and 46% lower than with caffeine exposure alone (P < 0.01). Caffeine, at all concentrations, decreased IL-10 secretion regardless of PDE inhibition (P < 0.01, Figure 2c ).
Unlike IL-10, TNF-α Modulation by Caffeine Depends on PKA Activity
To determine the role of cAMP-dependent PKA in the pathway inhibiting the transcription of TNF-α and IL-10 in response to caffeine, CBM were pretreated with RP-cAMPs (50 μmol/l), a PKA inhibitor, prior to caffeine and LPS exposure. Following pretreatment with RP-cAMPs, intracellular cAMP accumulation increased by 200-fold (Figure 2d ) in CBM. Despite inducing high intracellular cAMP levels, RP-cAMP blocked the decrease in TNF-α induced by caffeine (Figure 2e ). In contrast, RP-cAMPs did not modify the effect produced by caffeine on IL-10 secretion (Figure 2f ).
Caffeine Alters TLR Transcription
While TLR3 mRNA was not detected in CBM by real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR), TLR1, TLR2, and TLR4 gene expression was detected and modified by caffeine in a concentration-dependent manner. Caffeine at 50 and 100 μmol/l downregulated the expression of TLR1 by 65% (83 to 37%; P = 0.02) and 55% (75 to 23%; P = 0.04), and TLR2 by 75% (90 to 57%; P = 0.02) and 74% (83 to 33%; P = 0.04); respectively (Figure 3a,b) . Caffeine at 200 μmol/l did not alter TLR1 or TLR2 mRNA levels. TLR4 gene expression was directly correlated with the concentration of caffeine (r = 0.84; P < 0.001; Spearman's correlation). While TLR4 gene expression was unchanged in CBM exposed to 50 μmol/l of caffeine, it was upregulated by 2.6-fold (2.2 to 4.2; P = 0.02) when exposed to 200 μmol/l (Figure 3c ). Articles Chavez-Valdez et al.
DISCUSSION
Caffeine at 50 μmol/l (equivalent to 10 μg/ml in serum) decreases TNF-α secretion by CBM via A 1 R blockade (3), but in-vivo data suggest that higher serum caffeine concentrations are associated higher TNF-α, IL-8, IL-6 and lower IL-10, suggesting a proinflammatory profile potentially linked to BPD and other comorbidities (7) . The mechanisms may involve not only nonspecific ARs blockade, but also inhibition of PDE IV and alteration in TLR expression. Using a culture treatment paradigm modeled to replicate the impaired hepatic metabolism of caffeine in neonates and the relevant time and concentrations of caffeine in infants receiving daily doses to achieve serum concentrations between 10 to 20 μg/ml or higher, we show that caffeine at concentrations of 50 and perhaps 100 μmol/l (equivalent to 10 and 20 μg/ml, respectively) decrease TNF-α and IL-10 secretions by CBM, while at concentrations greater than 100 μmol/l only decrease IL-10 secretion and gene expression. The blockade of A 1 R, but not A 3 R, is operative in the effect of caffeine on TNF-α secretion via a PKA-mediated mechanism, while neither of these receptors is involved in the effects on IL-10. PDE IV inhibition does not play a significant role in caffeine's immunomodulatory effects. Additionally, caffeine may promote the activation of TLR-mediated inflammatory pathways relevant to sick neonates, by upregulating TLR 4 in a concentration-dependent manner. A 1 R expression is upregulated on CBM following LPS exposure (a TLR4 agonist), suggesting the important role of this receptor in the control of TLR-mediated inflammation in neonates (3). A 1 R blockade or A 2a R activation produces an equally significant increase in cAMP accumulation and decrease in TNF-α production by adult monocytes (20) . In accordance with these findings, our results using CBM suggest that low caffeine concentrations (50 μmol/l-equivalent to 10 μg/ml in serum) preferentially block A 1 R, probably allowing adenosine to bind to A 2a R (Gαs-coupled), thereby increasing cAMP production (1). At increasing (10) 5 CBM; log scale; n = 6) following caffeine exposure (0, 50, 100, 200 μmol/l) alone (◯) and combined (• ) with RP-cAMPs (PKA inhibitor; 50 μmol/l) pretreatment. *P < 0.05 (Wilcoxon rank test). (e) TNF-α (gray) and (f) IL-10 (white) release from CBM curve in response to RP-cAMP and/or caffeine (n = 7). *P < 0.05 (Wilcoxon rank test) vs. no treatments. ◯, outliers. Articles concentrations, this preferential A 1 R blockade by caffeine may be lost. A 3 R is highly expressed in inflammatory tissues and mononuclear cells (3, 21) , but the interaction with adenylyl cyclase (protein G i or G q ) varies by cellular type (1, 20) . In either case, the net effect of A 3 R blockade is cAMP accumulation and decrease cytokine expression. Similar to the effect described in adult peripheral blood monocytes (20), our results show that A 3 R blockade (MRS1220) increases cAMP accumulation and decreases TNF-α production. Caffeine significantly intensifies the effect produced by MRS1220 alone, suggesting caffeine effects are independent of A 3 R blockade in CBM.
Xanthines also decrease TNF-α and IL-10 release from mononuclear cells via PDE inhibition and cAMP accumulation (14, (22) (23) (24) . However, because caffeine has a considerably higher IC50 for PDE inhibition than for cytokine modulation 4 5 6 5 8 6 0 6 2 6 4 6 6 6 8 7 0 7 2 7 4 7 6 7 8 8 0 8 2 8 4 8 6 8 8 9 0 9 2 9 4 9 6 9 (23), serum concentrations 25 times higher than those achieved during standard treatment for apnea of prematurity would be required to elicit PDE inhibition in vivo (4, 14) . Here, we show that although RO-201724 decreases TNF-α secretion by CBM, caffeine further decreases this cytokine suggesting that PDE inhibition does not explain the effect of caffeine on TNF-α. In contrast, the inhibition of PDE IV and the subsequent increase in cAMP accumulation does not significantly modify IL-10 levels, suggesting that the pathway mediating the effect of caffeine in IL-10 is not primarily cAMP-dependent.
Adult monocytes express TLR1, TLR2, and TLR4, among many others; however, the expression profile on CBM has not been well defined. Contrary to TLR2 expression on CBM, TLR4 directly correlates with gestational age (25, 26) , and further expression is induced by LPS (27) . Because LPS is a TLR4 agonist and caffeine mediates the inhibition of LPS-induced TNF-α production by CBM, we hypothesized that changes in TLR expression may account for some of caffeine immunomodulatory effects. Here, we report the direct correlation between caffeine concentrations and TLR4 expression, as well as the inhibitory effect of caffeine at 50 and 100 μmol/l on TLR1 and TLR2 expression. In LPS-activated CBM, the increase TLR4 expression induced by caffeine at 200 μmol/l, may upregulate TNF-α expression via MyD88-NFkB pathway (10, 13) . The implications of TLR1 and TLR2 downregulation induced by caffeine remain unexplored but this novel mechanism may explain some of the anti-inflammatory properties derived from clinical studies demonstrating decrease incidence of BPD (4).
The pathways mediated by TLR-NFκB (21,28) and cAMP-PKA (10, 20) are the main biochemical cascades regulating TNF-α production by adult monocytes. NFκB, a transcription factor for TNF-α, also upregulates A 2 R expression following LPS exposure as a delayed feedback attenuating persistent inflammation (29) . The decrease in TNF-α production following AR activation can be abolished by the blockade of PKA (20) . Similarly, we show that caffeine inhibitory effect on TNF-α transcription in CBM is suppressed by RP-cAMPs, suggesting that this process is PKA mediated.
Adenosine decreases TNF-α and increases IL-10 production by monocytes, although the specific signaling cascade remains unknown (30, 31) . AR activation induces accumulation of the IL-10 transcription factor C/EBPβ (enhancing-binding protein) (32) . Transient MAPK-mediated phosphorylation of histone H3 in the IL-10 promoter may facilitate C/EBPβ binding via a cAMP-PKA independent pathway (33, 34) . Here, we show that caffeine produces a transcriptional downregulation of IL-10, which is not mediated by A 1 R or A 3 R blockade and unlike TNF-α is PKA independent. We speculate that the modulation of A 2 R expression or function is involved in the effect of caffeine on IL-10 and the mechanisms may include: (i) the prevention of LPS-induced upregulation of A 2 R expression by caffeine (3), which by decreasing A 2 R availability, decreases transcription factors (C/EBPβ) and IL-10 production; and (ii) the nonspecific blockade of A 2a R, as well as A 1 R by caffeine, which at increasing concentrations further decrease IL-10 and increase TNF-α production, as observed in our experiments. The effects of caffeine in other steps of the IL-10 signaling pathway are still unexplored.
In conclusion, caffeine decreases the release of TNF-α and IL-10 via distinct mechanisms. A 1 R, but not A 3 R, is operative in the effect of caffeine on TNF-α, while neither of these receptors modulates IL-10 production by CBM. Similarly, caffeine's immunomodulatory effects are not primarily produced by PDE inhibition. The mechanism responsible for the decrease of IL-10 produced by caffeine is still unclear, but is potentially related to the modulation of A 2 R expression and/or function. Here, we also describe for the first time the inhibition of TLR1 and TLR2, and the induction of TLR4 expression on LPSactivated CBM exposed to caffeine, which extends our understanding about the immunomodulatory effects of this drug in the newborn population. The understanding of the distinct effects of caffeine on cytokines is relevant in the context of the potential side effects of its use in the clinical setting in a population at high risk for BPD and other morbidities linked to inflammation.
METHODS

Subjects
This study complied with the Guidelines for Human Experimentation from the US Department of Health and Human Services and received approval from the Johns Hopkins Medicine Institutional Review Board (NA_00002034). The work has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) (35) . Only cord blood of subjects whose parents provided informed consent for the study was considered for experiments. CBM were isolated from full-term infants (≥ 37 wk gestation). Cord blood was collected after repeat cesarean section without labor or vaginal delivery without evidence of chorioamnionitis. We excluded births with known genetic disorder, intrauterine growth restriction or small for gestational age (birth weight ≤ 10th percentile for gestational age), and suspected viral infection (based on serological or clinical findings). Infants who subsequently received antibiotics or had illness 
Treatment Protocol in Culture
Neonates treated with caffeine citrate for apnea of prematurity receive daily maintenance doses to achieve serum levels of 10 to 20 µg/ml. Due to immaturity of the cytochrome P-450 system in neonates, the hepatic metabolism of caffeine is limited for several weeks after birth (37, 38) . To model the array of caffeine's effects in cytokine levels in the blood of neonates with limited hepatic clearance, we used a single dose of caffeine in citrated buffer to achieve comparable concentrations in culture (50 to 100 µmol/l) and since some neonates achieve levels > 20 µg/ml, which may switch the cytokine expression response (7), we also tested a concentration of 200 µmol/l. Caffeine, A 1 R antagonist (DPCPX), A 3 R antagonist (MRS1220), PDE IV inhibitor (RO-201724), and cAMP-dependent PKA antagonist (RP-cAMPs) ( Table 2 ) were used to investigate the changes in the dose-response curves of increasing caffeine concentrations in TNF-α and IL-10 release by CBM. Caffeine was reconstituted in citric acid monohydrate based water (pH 7.3), which in solution forms caffeine citrate salts. All other antagonists were reconstituted in dimethyl sulfoxide (cell-culture-concentration: 2.7 × 10 -6 g/ml). RO-201724 was purchased from Calbiochem (San Diego, CA), and all other drugs were purchased from Sigma Chemical Co (St. Louis, MO). Although caffeine is a nonspecific PDE inhibitor at high concentrations, PDE IV is the most abundant in monocytes and has the greatest cAMP degradation activity. Thus, we selected RO-201724 to target this subfamily of PDEs.
CBM were treated with DPCPX, MRS1220, RO-201724 or RP-cAMPs 1 h before exposure to caffeine at 0, 50, 100, and 200 μmol/l. Following an additional hour in culture (37 °C/5%CO 2 ), CBM were activated using Escherichia coli K235 LPS (100 ng/ml; Sigma-Aldrich). Twenty-four hours after LPS-activation, media were collected, centrifugated at 2,000 × g for 5 min, and supernatants were used to measure cytokines levels by enzyme-linked immunosorbent assay (ELISA), while CBM attached to the well were recovered using trypsin-ethylenediaminetetraacetic acid 0.05%, phenol free (Life Technology, Carlsbad, CA), evaluated for viability using Trypan-blue exclusion method as described above, and then lysed for RNA isolation and real-time RT-PCR or to measure intracellular cAMP accumulation by enzyme immunoassay (EIA).
CBM viability was assessed by their property to adhere to the plastic at 24 h after LPS-activation. LPS activated CBM were observed under the inverted microscope to evaluate the morphological appearance and the degree of debris and to ascertain good quality of the culture. If any concerns, a 1 µl aliquot of recovered CBM from each well was evaluated using the trypan blue exclusion method. No difference in cell viability was observed between treatments. However, those culture plates that show increased cell death were discarded and not used for analysis.
ELISA/EIA
TNF-α and IL-10 concentrations were measured by ELISA using multiplex kits according to manufacturer's protocol and concentrations were calculated using the Luminex detection platform (Millipore, Billerica, MA).
Intracellular cAMP levels were measured to confirm function of ARs during exposure to caffeine and other treatments. After exposure, CBM were lysed using 2.5% dodecyltrimethylammonium bromide in assay buffer (pH 5.8; 0.05 M sodium acetate buffer and 0.02% bovine serum albumin). Intracellular cAMP levels were measured using the Amersham cAMP EIA System (GE Healthcare, Little Chalfont, Buckinghamshire, UK) following manufacturer's protocol as described previously (3), and results were reported corrected for 2 × 10 5 viable CBM.
Real-Time qRT-PCR
Total RNA was extracted from LPS-activated CBM to determine changes in cytokines (TNF-α, IL-10) and TLRs (TLR1, TLR2, TLR3, 
